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Fig. 4. Influence of NaCl concentration on the takeover reaction after addition of poly(dT) 1o poly(dA) - 25-SPG.

The process was monitored by the change in the diagnostic CD ellipticity A&, as a function of time at the

following NaCl concentrations: 3 (e), 5(0),10(0),20(x),30(+). 50 (A). and 150 mm (0). The term —~ A8,

was obtained by subtracting the calculated CD ellipticity 6,,; of the mixture of poly(dA) - 2s-SPG and poly(dT)

from that recorded at a given reaction time. Conditions: {poly(dA)] = [poly(dT)]=37pm/repeating unit; [s-
SPG}] =25 pMfrepeating unit.

The above takeover reaction can also be detected by means of fluorescence
spectroscopy. In Fig. 5, the relative fluorescence intensity change at 590 nm after
addition of poly(dT) to poly(dA -2s-SPG) at 10-mm NaCl concentration in the
presence of ethidium bromide (2.4 ug/ml) is shown. At this salt concentration, the

Aem =590 nm
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Fig. 5. Change in relative fluorescence intensity (I;) at an emission wavelength of 590 nm (excitation: 330 nm)
after addition of poly(dT} to poly(dA)- 2s-SPG. Conditions: {poly(dA)] = [poly(dT)] = 37 pm/repeating unit;
[s-SPG] =25 pum/repeating unit; {ethidium bromide] = 2.4 pg/ml.

522



526 CHEMISTRY & BIODIVERSITY - Vol. 1 (2004)

change in relative {luorescence intensity due to intercalation is highest (see Fig. 2,d).
As shown in Fig. 5. the relative fluorescence intensity increased after addition of
poly(dT), the trend being similar as in the CD spectral analysis.

Takeover Reaction in Other Systems. As mentioned above, poly(dA - 2s-SPG) can
release the bound poly(dA) from the s-SPG complex via hybridization (duplex
formation with poly(dT)). We, therefore, tested whether the takeover reaction can also
take place in other systems. We used poly(dT-2s-SPG) instead of poly(dA -2s-SPG)
and added poly(dA) to the complex; and in a second experiment, the complementary
strand was changed from poly(dT) to poly(U) to evaluate the difference between
DNA -DNA and DNA - RNA structures.

In Fig. 6,a, the time-dependent CD spectral changes of poly(dT-2s-SPG) after
addition of poly(dA) at 5° and 150-mm NaCl concentration are shown. The temper-
ature was kept below the melting temperature of poly(dT-2s-SPG) (7,,=17° at 150-
mM NaCl concentration) [29]. As evident from Fig. 6, a, the takeover reaction does
occur, as in the case of poly(dA - 2s-SPG), indicating that in the DNA - DNA system,
the takeover reaction occurs in all ss-DNA - 2s-SPG complexes. Next, we extended the
experiment to a DNA-RNA hybrid system. In Fig. 6,5, the time-dependent fluo-
rescence-intensity change of poly(dA)-2s-SPG upon addition of poly(U) is shown
(T=37°, [NaCl]=50 mmM)?'). The relative fluorescence intensity started to increase
after addition of poly(U) to poly(dA - 2s-SPG), indicating that the takeover reaction of
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Fig. 6. Time-dependenr CD spectral changes recorded in 10-min intervals after addition of poly(dA) to

poly(dT)-25-SPG (T=15°; [NaCl} =150 mm). b} Change in relative fluorescence intensity (1) at an emission

wavelength of 590 nm {excitation: 330 nm) after addition of poly(U) 1o poly(dA)-2s-SPG (T=37%; [NaCl} =

50 mu; [poly(dA)]={poly(dT)}=[poly(U)) =37 um/rcpeating unit; [s-SPG] =25 pmMircpeating unit; [ethi-
dium bromide]=2.4 pg/ml).

') According to UV- and fluorescence-spectroscopic analyses, poly(dA) forms the duplex with poly(U) at
NaCl concentrations above 10-50 mm, and the highest fluorescence intensity change oceurs at a NaCl
concentration of ca. 50 mm (data not shown).
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the ss-DNA bound in the s-SPG complex to the complementary strand can be applied
to both DNA and RNA systems.

Addition of Noncomplementary Strand to Poly(dA -25-SPG). In order to confirm
the nucleobase specificity of the takeover reaction, we next added a noncomplemen-
tary strand, poly(dC), to poly(dA -2s-SPG) and performed a spectroscopic analysis.
Here, the following two scenarios are possible { Fig. 7 a): ) the added poly(dC) induces
dissociation of the ternary complex, or If) the complex remains unaffected. In case /,
the CD spectrum should change to the dotted line in Fig. 7 & (averaged spectra of
poly(dC) and poly(dA)). In case /1, the CD spectrum should change to the solid line'in
Fig. 7 b (averaged spectra of complex and poly(U)). In Fig. 7 ¢, the time-dependent
CD spectral changes, observed when poly(dC) was added to poly(dA -2s-SPG), are
shown, revealing that the CD spectra change to those of the mixture of poly(dA - 2s-

:
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Fig. 7. a) Schematic illustration of two possible scenarios upon addition of poly{dC) as a noncomplementary
strand to poly(dA )} 25-SPG. b} Calculated CD Spectra of the mixtures of poly(dA) - 25-SPG and poly(dC) (solid
line) vs. poly(dA) and poly(dC) (dotted line). ¢) Time-dependent CD spectral changes (solid lines) recorded in
10-min intervals after addition of poly(dC) to poly(dA)-2s5-SPG. Broken line: before addition of poly(dC).
Conditions: [poly(dA}] =[poly(dC)] = 37 aM/repeating unit; [s-SPG] =25 um/repeating unit.
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SPG) and poly(dC). A similar behavior, i.e., that addition of a noncomplementary
strand does not induce the dissociation of the s-SPG complexes, was also observed for
poly(C) and poly(G).

Conclusions. — From the foregoing results, one can conclude that the ss-DNA - 2s-
SPG complex releases the bound ss-DNA only when the complex meets the
complementary strand, otherwise the ternary complex remains intact. Although there
have been many reports on the exploitation of such nonviral carriers, this is the first
experimental evidence that this polysaccharide/polynucleotide complex selectively
releases the bound ss-DNA to the complementary strand. Therefore, we believe that
SPG will eventually become a new ss-DNA carrier, with potential applications in
antisense therapy. In addition, we can point out the nontoxic nature of schizophyllan as
a preat advantage of this hybrid system.

We thank Taito Co. (Japan) for providing the schizophyllan samples, K. K. is indebted to the Japan Society
for the Promotion of Science (JSPS) for financial support. This research has been conducted with financial
support from the JST SORST program.

Experimental Part

General. t-3PG (M, =450,000; degree of polymerization (DP): 230) was kindly supplied by Taite Co.,
Japan. The polynucieotides poly(C), poly(U), pely{dA), and poly(dT) (DPs ca. 570, 400, 300, and 260, resp.)
were purchased from Amersham Pharmacia, and poly(G) (DP ca. 300) from Sigma. RNase-Free, deionized and
distilled H,O was used for all experiments. DMSO and aq. ethidium-bromide soln. (10 mg/ml) were purchased
from Kishida Chemicals and Nippon Gene, Japan, resp. All chemicals were used without further purification.
UVIVIS and Fluorescence spectra were recorded on a Jasco-V-570-UV/VIS/NIR spectrometer and on a Hitachi-
F-4500 fluorescence spectrophotometer, resp., in thermostated 1-cm quartz cells. Circular dichroism (CD)
spectra were recorded on a Jasco-J-820KS spectropolarimeter in the range of 240-340 nm, with 1-cm quartz
cells equipped with a H,O-jacket to control the cell temp.

Sample Preparation. All samples were prepared by adding a DMSO s-SPG soln. to an ag. soln. of the
polynucleotide, such that the H,O contemt (volume fraction) of the H,O/DMSO mixture was 92% (sce
[16}[17]). The samples thus obtained were equilibrated (1o allow for tripple-helical complex formation) at a
temp. of 4° for at least 3 d, before measurements were made. The final conc. per polypeptide repeating unit was
37 um each for poly(dA), poly(dT). poly(dC}, poly(C), poly{G}, and poly(U). The s-SPG conc. was 25 pm, and
that of ethidium bromide 6.1 pm ( 2.4 pg/ml).
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First Observation by Fluorescence Polarization of Complexation between
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Kyushu Unriversity, 6-10-1 Hakozaki, Higashi-ku, Fukuoka, Fukuoka 812-8581, Japan
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Kurume 8390861, Japan

Schizophyllan is a natural §-(1 — 3)-pD-glucan that exists as a triple helix in H,O and as a single chain in
dimethylsulfoxide (DMSO) or basic solution (pH >13). As we have already reported, when a homo-
polynucleotide {e.g., poly(dA), poly(A), or poly(C)) is added to a schizophyllan/DMSO solution, and,
subsequently, DMSO is exchanged for H,0, the single chain of schizophyllan forms a complex with the
polynucleotide. Since eukaryotic mRNAs have poly{A} tails, we hypothesized that schizophyllan can bind to
mRNA by interacting with this tail. However, we have not yet observed complexation between schizophyllan
and mRNA after exchanging DMSO for H,O. In this report, we show that the complexation can be accelerated
when the solution pH is changed from 13 to 7-8 in the presence of schizophyllan and polynucleotides. By this
approach, we found that schizophyllan forms a complex with a yeast mRNA.

Introduction. — Most eukaryotic mRNAs acquire a poly{A) tail at the 3’ end after
post-transcriptional cleavage of the mRNA precursor. The poly(A) tail provides a
binding site for some proteins, and the length of the tail determines the mRNA decay
rate [2]. Therefore, the poly(A) tail plays an important role in the regulation of gene
expression. In recombinant-DNA techniques, the poly(A) tail is essential for isolation
of mRNA from total RNA and/or for reverse-transcription of mRNA to cDNA [3][4].
Thus, the biological and technological importance of the poly(A) tail snmulated us to
investigate materials that can bind to the poly(A) tail.

Recently, our group found that natural 8-(1 — 3)-p-glucans (Fig. I,a), such as
schizophyllan {SPG) and curdlan, can form stoichiometric complexes with synthetic
poly(A) (not the mRNA poly(A) tail) as well as other homopolynucleotides [5-7].
The complexation takes place when the glucan is first dissolved in DMSQ, and then the
glucan/DMSO solution is mixed with sufficient aqueous poly(A) solution, so that the
volume fraction of H,O is >0.6. The dissolution in DMSO eradicates all higher
structures that normally form in aqueous solution, i.e., the triple-belix adopted by §-
(1 — 3)-p-glucans brought about by H-bonding between the C(2)—OH groups of the
main-chain glucans [8]. The introduction of H,O leads to reconstruction or renatura-

1)  This is the 23rd paper in the series of ‘Polysaccharide — Polynucleotide Complexes’, and a related work has
been presented in the 29th Symposium on Nucleic Acid Chemistry in Japan, using a SPG-appended
column to separate mRNA {1].
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tion of the triple helix in the absence of poly(A}) [9], or to a SPG-poly(A ) complex in
the presence of poly(A ). Complexation from DMSO solution (the DMSO method}) has
the drawback that it takes a few days to complete the complexation with poly(A) or
poly(C), probably because the continued presence of DMSO decreases the stability of
the complex [6]. This becomes a serious problem when we attempt to form the complex
from mRNA and the 8-(1 — 3)-D-glucan, due to the low stability of the complex and
poor reproducibility. The renaturation of g-(1 — 3)-p-glucans can alternatively be
achieved by changing the solvent pH from basic to acidic conditions (the pH method)
[10][11]. Herein, we apply changes in pH to bring about complex formation between
mRNA and f-(1 — 3)-b-glucans, and this paper presents the first evidence that the
natural neutral glucan specifically forms a complex with a yeast mRNA.

a r 7
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b) polynucleatide/SPG complex
polyriucieotida
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(NaOH)
— H,0
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mRNA ‘
mMRNA/SPG complex

Fig. 1. a) Chemical structure of the B-(1 — 3)-D-glucan schizophyllan, and b) its pH dependent denaturation,

renaturation and complexation processes. The same changes can be induced by DMSO denaturation (see text).

Since s-SPG can bind 10 poly(A). the poly(A) tail in mRNA should also be recognized by s-SPG during
renaturation.

Fig. 1,b, illustrates the pH dependency of helix and complex formation. The triple
helix of SPG (t-SPG), the most stable conformation at pH 7-8, dissociates to single
chains (s-SPG) when dissolved in aqueous NaOH solution at pH 13. After mRNA (or
poly(A)) is added to the basic solution, the pH is adjusted to 7-8 by addition of a Tris/
HCl solution. Since mRNAs contain poly(A ) tails, we reasoned that s-SPG may also be
able to bind to the tail. We examined the effect of pH on the complexation between
synthetic poly(A) (as a model) and s-SPG by circular dichroism (CD) spectroscopy. We
found that the CD spectrum is more sensitive to complexation of s-SPG with poly(A)
than with mRNA. In fact, it was difficult to observe the complexation between mRNA
and s-SPG by CD, presumably because of the relative shortness of the poly(A) tail,
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which is no more than 200 base pairs, and only ca. 6090 base pairs in yeast mRNA, ie.
less than a few percent of the total composition of mRNA.

Results and Discussion. — Fig. 2,a shows the time development of the CD spectrum
after the pH is adjusted from 13.0 to 70 for the poly(A)/s-SPG system. In this
experiment, the number of the repeating units for SPG and poly(A) are 230 and 250,
respectively. As time elapses, enhancement of the positive band at 265 nm and the
negative band at 248 nm is observed, and the maximum shifts slightly to lower
wavelength and the minimum shifts to higher wavelength. All these features indicate
that a complex is formed [2b][6], and, importantly, by the pH method, the change in
CD is complete after 200 min. When we carried out the similar CD measurements with
DMSO as the denaturant with the same salt, Tris, poly(A), and s-SPG concentrations at
pH 70, 2 days passed before a stable CD spectrum was obtained. We define the
complex-formation ratio as CD(¢)/CD(inf), where CD(f) and CD(inf) are the
normalized CD amplitudes at time ¢ (min) and for the stable state at infinite time,
respectively, for the positive band at 265 nm. The complex-formation ratio is plotted as
a function of the reaction time in Fig. 2,5, and demonstrates that the complexation rate
is higher for the pH method relative to that of the DMSO method.
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5 30 g
o~ ;o
£ 2 60
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g 0 ‘93 40 © Alkali method
= = A DMSO method
s £ 20}
230 8

240 260 280 300 0 50 100 150
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Fig. 2. a) Development of the CD spectrum during formation of the complex between poly(A } and s-SPG when
the complex is made via pH change and b) comparison of the complex-formation rates under DMSO and pH
denaturation/renaturation methods

A fluorescein moiety can be introduced by reaction of the OH group of the SPG
glucose with fluorescein 4-isothiocyanate (FITC) [12]. The reaction conditions were
chosen such that one or two fluorescein moieties became attached to each s-SPG
molecule (determined by elemental analysis) and, hereafter, this adduct is denoted s-
SPG-FITC50. After confirming complexation between poly(A) and s-SPG-FITC50 by
gel electrophoresis, we measured the degree of fluorescence polarization (P) [13] in the
complexes, comparing the difference between the poly(G) and poly(A) systems
{poly(G), which does not form a complex, serves as a control [6]). Subsequently, we
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examined mRNA isolated from Saccharomyces cerevisiae, compared with a mixture of
rRNA and tRNA. The data are summarized in Fig. 3, where P is plotted as a function of
the polynucleotide/s-SPG molar ratio. Here, P is defined on the basis of the
fluorescence intensities parallel (Fp, ) and perpendicular { Fpe) to the excitation plane
(Egn. I).

Fep — Fre

p=-Fa_PE
Fpp + Fp

(1)

Since larger molecules are less mobile, the difference between Fp, and Fpg {i.e., the
denominator of Egn. I) becomes larger with increasing molecular weight, and the P
value increases.

0.60 5y * ‘ b)
045+ mMRNA/SPG |
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| Poly(AYSPG
0.30; ‘ .
Poly(GY/SPG (FRNAHRNA)SPG
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Fig. 3. Dependence of the fluorescence polarization (P) on the concentrations of polynucleotide/s-SPG

complexes, comparing a) poly(A) with poly(G), and by mRNA with the mixture of rRNA and fRNA. The s-SPG-

FITC50 molar concentrations were fixed at 7.7 x 10~ M. The s-SPG and polynucleotides samples were first

dissolved in 0.25n NaOH and immediately neutralized by adding HCV Tris buffer to obtain solutions at pH 7 - 8.
The vertical dotted line in a indicates the stoichiometry of the poly(A)/s-SPG complex,

As plotted in Fig. 3,a, the mixtures of poly(G) and s-SPG-FITC50 exhibit a P value
of 0.2 essentially independent of the molar ratio, while, for the poly(A) system, P
increases with increasing molar ratio, leveling off at 0.36, where the ratio is greater than
2.0. The difference between the poly(G) and poly(A) systems is consistent with the
complexation ability of these two polynucleotides. The stoichiometry for the poly(A)
complex had already been determined by Job-plot analysis to be 1.5 (indicated by the
dotted line) [6]. The molar-ratio dependence of P is approximately consistent with the
reported stoichiometry. Consequently, the fluorescence polarization for s-SPG-
FITC50/polynucleotide quantitatively correlates with complexation ability.

When we examined mRNA and mixtures of tRNA and rRNA, we found that the
addition of mRNA increases P with increasing molar ratio, while the other RNAs do
not induce any change. These results indicate that a complex forms between s-SPG and
mRNA, but not between s-SPG and the other RNAs. This difference in complexation
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ability implies that the poly(A) tail of mRNA binds to s-SPG, but that the hetero
sequences in the other RNA samples (as well as in the bulk of the mRNA) do not. It
should be emphasized that this is the first evidence for the formation of a complex
between a natural, neutral polysaccharide and mRNA. Although there are some
proteins that can bind to mRNA, most do so by electrostatic interactions. In the present
complex, s-SPG is not charged, thus a completely different mechanism must be
involved in the complexation [6].

In Fig. 3,b, P for the mRNA/s-SPG-FITC50 complex levels off at a value (ca. 0.55)
higher than that of the poly(A) system (0.36), and the leveling-off occurs at the larger
molar ratio than that of the poly(A) system. The fluorescence polarization is related to
the rotational diffusion coefficient of the dye-bound molecules [13], and the higher P
indicates a lower coefficient and, generally, a higher molecular weight. Therefore, the
higher P for mRNA than for poly(A) probably reflects the molecular-weight difference
between these species. The higher molar ratio for leveling-off is probably due to
binding of only the poly(A) tail to s-SPG while the remainder of the mRNA remains
unbound.

To the best of our knowledge, this is the first experimental demonstration of a
natural, neutral polysaccharide that is able to bind the mRNA poly(A ) tail. Previously,
the only species known to bind the poly(A) tail are poly(dT} and positively charged
proteins. Therefore, the present finding should open new possibilities to apply this
polysaccharide for purification and separation of mRNA from total RNA. Further-
more, in the B-(1-3)-p-glucan family, schizophyllan and lentinan have been
commercialized as medicines against uterine cancers, however, the detailed molecular
mechanisms of their medicinal action have not yet been clarified {14]. The present
finding may provide a clue to understanding the biological mechanisms of §-(1 — 3)-D-
glucans.

Experimental Part

The schizophyllan (average molecular weight = 15 x 10* Da as the single chain [5][6]) sample was kindly
supplied by Taite Co. Ltd., Japan, and poly(A) and poly(G) were purchased from Amersham Pharmacia. The
degree of polymerization, calculated from the reported sedimentation velocities, were 250 and 300 for poly(A)
and pely{G), resp. The mRNA sample used in this study was extracted form Saccharomyces cerevisiae Kyokai
No. 7, which was kindly supplicd by the Fukuoka Industrial Technology Center, Biotechnology and Food
Research Institute. The yeast cells were cultured in YM medium (Difco), and the total RNA was isolated by
means of the acid guanidium-phenol-CHCl; method. From the total RNA, mRNA was purified with the
Ofigotex-MAG mRNA Purification Kit (TaKaRa) according to the supplied manual. The concentration of
mRNA was determined by UV spectrometry. After extraction of the mRNA, the remaining RNA was usedas a
mixture of tRNA and rRNA,. Flourescein-attached schizophylian was prepared by adding an extra amount of an
acetone soln. of flourescein isothiocyanate ( Dojin, Japan) to the aq. schizophylian soln. (1.0 g/dl). We assume
that this method modifies mainly the 6-OH group. After precipitation with acetone and washing with toluene
severai times, the product was freeze-dried. The modification level was determined by UV spectroscopy (based
on £=T77000) to be less than 0.5 mol-%, ie., ca. one of every 200 repeating units bears the flourescein group.

The CD spectra in the 240~ 300-nm region were measured at 15° on a Jasco J-720W1 spectropolarimeter
with a 1.0-cm cell equipped with 2 water jacket to control the cel} temp. The molecular ellipticity ([6]) was
evaluated by a conventional method. The poly(A) and s-SPG molar concentrations were 2.6 x 10-% M and 1.6 x
103 M, resp. The fluorescence depolarization was measured with a JASCO FP-715 at 15° with [s-SPG] =77 x-
104 M.

531



CHEMISTRY & BIODIVERSITY - Vol. 1 (2004) 639

REFERENCES

[1] T. Kimura, K. Koumoto, M. Mizu, R. Kobayashi, K. Sakurai, §. Shinkai, Nucleic Acids Res. Suppl. 2001. 1,
283.
(2] L. C. Chao, A. Jamil, S. X Kim, L. Huang, H. G. Martinson, Mol. Cell. Biol 1999, 19, 5588; 1. Zhao. L.
Hyman, C. Moore, Microbiol. Mol. Biol. R. 1999, 62, 405.
[3] B. Alberts, A. Johnson. J. Lewis, M. Raff, K. Roberts, P. Walter, ‘Molecular Biology of the Cell’, 4th edn.,
Garland Science Publishing, New York, 2002,
(4] P. Chomcznski. N, Sacchi, Anal. Biochem. 1987, 162, 156.
[5] K. Sakurai, S. Shinkai, J. Am. Chem. Sec. 2000, 122, 4520.
[6] K. Sakurai, M. Mizu, S. Shinkai, Biomacromolecules 2001, 2, 641.
7] M. Mizu, T. Kimura, K. Koumoto, K. Sakurai, S. Shinkai, Chem. Commun. 2001, 429.
[8] K.Miyoshi, K. Uezu, K. Sakurai, S. Shinkai, presented at the ‘International Symposium on Polysaccharide
Engineering 2003", June 8 - 10, 2003, Sakai, Japan, submitted to Carbohydr. Res.
{9] T. Mclntire, D. Brant, J. Am. Chem, Soc. 1998, 120, 6905.
{10] S. Young, R. Jacobs, Carbohydr. Res. 1998, 310, 91.
{11] T. L. Bluhm, Y. Deslandes, R. H. Marchessault, Carbohydr. Res. 1982, 100, 117.
{12] H. Maeda, N. Ishida, H. Kawauchi, K. Tuzimura, /. Biochem. 1969, 65, 777,
{13} L. Levine, M. Michener, M. Toth, B. Holwerda, Anal Biochem. 1997, 247,77,
(14] Y. Shimizu, Gan To Kagaku Ryoho, 2002, 29, 1540.

Received December 15, 2003

532



© 2004 The Chemical Sociery of Japan

Bull. Chem. Soc. Jpn.. 77, 1IGI-11]10 (2004) 1101

Headline Articles

Enhancement of the Antisense Effect of Polysaccharide-Polynucleotide
Complexes by Preventing the Antisense Oligonucleotide from Binding
to Proteins in the Culture Medium”®

Masami Mizu, Kazuya Koumoto, Takahisa Anada, Ryouji Karinaga, Tare Kimura,'

Takeshi Nagasaki,? Seiji Shinkai,” and Kazuo Sakurai*

Department of Chemical Processes & Environments, The University of Kitakyushu,
1-1, Hibikino, Wakamatsu-ku, Kitakyushu, Fukuoka 808-0135

IBiotechnology and Food Research Institute, Fukuoka Industrial Technology Center,
1465-5 Aikawa, Kurume, Fukuoka 839-0861

2Department of Applied and Bioapplied Chemistry, Graduate School of Engineering, Osaka City University,
3-3-138 Sugimoto, Sumiyoshi-ku, Osaka 588-8585

3Faculty of Engineering Department of Chemistry & Biochemistry, Graduate School of Engineering,
Kyushu University, 6-10-1 Hakozaki, Higashi-ku, Fukuoka 812-8581

Received August 20, 2003; E-mail: sakurai@env kitakyu-u.ac.ip

Schizophyllan is a 8-{(1—3)-D-glucan existing as a triple helix in water and as a single chain in dimethyl sulfoxide
(DMSQ), respectively. As we already reported, when a homo-phosphodiester-polynuclectide is added to the schizophyl-
lan/DMSO solution and, subsequently, DMSO is exchanged for water, the single chain of schizophyllan (s-SPG) forms a
complex with the polynucleotide. In this paper, we report that phosphorothioate oligonucleotides can form a complex with
s-SPG in the same manner as phosphodiester oligonucleotides. We carried out an in vitro antisense assay combining mel-
anoma cell lines and a phosphorothioate antisense oligonucleotide (AS ODN) to depress ¢c-myb mRNA. We found that the
AS ODN bound to the complex reduces cell growth more efficiently than that of naked AS ODN by preventing the AS

ODN from binding to albumin in the culture medium and being hydrolyzed.

Antisense oligonucleotides (AS ODNs) have been studied as
a noteworthy strategy to suppress a particular gene expres-
sion.!'? Principles of antisense therapy are (1) to deliver AS
ODN to the target cell, (2) to induce endocytosis of AS
ODN, (3) to bind AS ODN to a particular mRNA to make a
DNA/RNA duplex, and (4) to make RNase H cleave the duplex
$0 as 10 inhibit protein expression. The major advantage of this
strategy over conventional drugs is in the potential specificity
of the action. Theoretically, an oligonucleotide can be designed
to target any single gene in the human genome. Therefore, in-
hibition at the genetic level should be a more efficient interven-
tion in the disease process than inhibition at the protein level.
However, there are two major issues to overcome. The instabil-
ity of AS ODNs in serum and the low up-take efficiency into the
target ctlls.? The instability of AS ODNs is mainly ascribed to
two factors: the hydrolysis mediated by deoxyribonuclease and
non-specific binding to the serum proteins. The hydrolysis can
be overcome by use of oligonucleotide analogues such as phos-
phorothioates, phosphoramidates, and peptide nucleic acids® In
particular, phosphorothioates are the leading candidate among

the first generation of antisense compounds. Several of them
are currently in phase 171 clinical trials.>® Fortunately, phos-
phorothioates have an unexpected ability regarding cellular
up-take, and currently, it is believed that cells acquire them
though a receptor mediated endocytosis.*’

Non-specific binding to proteins is the major obstruction in
the case of delivering phosphorothioate AS ODN to the target
cell. Several materials that can form a complex with phospho-
rothioates have been studied as AS ODN carriers.® Cationic lip-
ids can form a complex with AS ODNs and encapsulate them in
the liposome.3® The liposomal delivery is one of the preferred
methods, however, there are somne drawbacks in its use. For in-
stance, cationic liposomes tend to accumulate in the reticuloen-
dothelial system, leading to a short life time in the serum. Fur-
thermore, the size of the liposome is usually too large for
cells.>® Synthetic polycations, such as poly(L-lysine) and poly-
ethyleneimine (PEI) have been studied as an AS ODN carrier,
because polycations can form polyion complexes with polynu-
cleotides.? Although polycations have a great advantage in im-
proving transfection,>® serious drawbacks have been pointed
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Fig. 1. Repeating units of schizophyllan (2), and the proposed interaction scheme based on our steichiometry (b).'® G and C denote

the glucose and cytosine in the chains, respectively.

out, such as toxicity of the polycations and poor solubility of
the resultant polyion complexes.*® Graft-copolymers or
block-copolymers consisting of polyethylene glycol and poly-
cations have been proposed to improve the solubility.*~'? How-
ever, cytotoxicity still remains a serious problem, Utilizing nat-
ural polysaccharides is considered to be a good and new ap-
proach to design an AS ODN carrier.!? This is because natural
polysaccharides can biodegrade into nontoxic components,
provide solubility,'® and be used as a cell-specific ligand."
Polysaccharides themselves can be used as an AS ODN binding
moiety, because some glucans such as schizophyllan can form a
complex with polynucleotides. )16

Schizophyllan is an extracellular polysaccharide produced
by the fungus Schizophyllan commune. The main chain consists
of B-(1—3)-p-glucan and one B-(1-6)-D-glycosyl side chain

links to the main chain every three glucose residues (see’

Fig. 1(a) for the chemical structure).!” Schizophyllan adopts 2
triple helical conformation in water and a random coil in
dimethyl sulfoxide (DMSO).'¥-2° When water is added to the
DMSO solution (renaturation), the triple helical structure can
be partially retrieved, although the entire chain structure is
not the same as that of the original triple helix.?!

Recently, we found that the single chain of schizophyllan
(s-SPG) forms a macromolecular complex with some homo-
phosphediester-polynucleotide [such as poly(C), poly(A).
poly(U), poly(dA), and poly(dT)] when the polynuclectide is
present in the renaturation process.'>%?? Qur data showed that
hydrogen bonds are formed between the glucose and the base
moieties. Furthermore, other 8-(1— 3)-D-glucans, such as cur-
dlan and lentinan, can form this same complex. Therefore, this
complexation is characteristic for S-(1-3)-p-glucans. 2
Some other novel features for the complex include (1) the com-
plex is remarkably stable (large binding constant) and consider-
ably water-soluble in physiological conditions,!6 (2) the com-
plexation occurs in a highly stoichiometric manner, and the
stoichiometric number indicates that two schizophyllan units
and three base units interact with each other [see Fig. 1(b}),'
(3) when the s-SPG/DNA complex meets the corresponding
complementary sequence, for example s-SPG/poly(dT) meets
poly(dA), the complex dissociates immediately and hybridiza-
tion takes place.

When schizophyllan is used as an AS ODN carrier, the three
features of (1)~(3) mentioned above are advantageous. This
paper presents experimental evidence that the AS ODN in the
complex executes its task more efficiently than that of naked
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AS ODNs, using cutaneous melanoma cell lines and a phos-
phorothioate AS ODN to target the disruption of c-myb proto-
oncogene.?® c-myb is overexpressed in many melanoma cell
lines and plays a central role in the exponential growth of this
malignant neoplasm.?”2® Depression of ¢-myb can be done us-
ing an AS ODN addressed to a targeted region of c-myb mRNA,
the most effective antisense sequence of which is well-
known.?82% Therefore, the ¢c-myb antisense has been a good
model assay system in antisense research.?-3!

Results and Discussion

Complexation between Phosphorothioates and Schizo-
phyllan. Our previous studies'>162332 have shown that once
s-SPG combines with phosphodiester oligonucleotides, the cir-
cular dichromic (CDj) spectrum is drastically changed and a hy-
pochromic effect is observed in the UV spectrum. These
changes occur in the 200—400 nm wavelength range. Schizo-
phyllan has no functional group to absorb the light in this range.
On the other hand, the base moieties in nucleotides do have an
absorbance. Therefore, the changes in CD and UV can be relat-
ed to the conformational transition in polynucleotides, hence
they can be used as a criterion for the complex formation.
Figure 2(a) compares the CD spectrum of naked phosphoro-
thioate AS-c-myb with that of a mixture of AS-c-myb and s-
SPG (coded by AS-c-myb + s-SPG™®) measured at 5 °C. The
spectrum for AS-c-myb + s-SPG has two positive bands at
260 and 280 nm, while AS-c-myb has a broad band centered
around 270 nm, indicating that the AS-c-myb/s-SPG complex
is formed. Figure 2(b) presents the temperature dependence of
the UV absorbance at A = 260 nm for AS-c-myb itself and AS-
c-myb + s-SPG at the same nucleotide molar concentration
(20.2 pM, 6.67 pg/mL}). At 5 °C, the absorbance of the mixture
is lower than that of naked AS-c-myb because of hypochro-
mism due to the complexation, With increasing temperature,
the absorbance of naked AS-c-myb increases due to a decrease
in the number of stacked bases. On the other hand, the absorb-
ance for the mixture stays at 1.88 in the temperature range of 5-
40 °C, then starts to increase with further increases in temper-
ature above 50 °C, and finally merges into that of naked AS-c-
myb above 75 °C. This behavior can be explained as follows.
(1) In the range of 5 °C < T < 40 °C, the constant absorbance
means that the complex conformation does not change upon
heating, (2) at 40 °C, the complex starts to dissociate, therefore
the absorbance increases. (3) T > 75 °C, the complex dissoci-
ates completely, thus the absorbance of the mixture is identical
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Fig. 2. Confirmation of the complex formation between AS-c-myb and s-SPG complex: {a) The CD spectra of AS-c-myb and its
mixture with s-SPG, (b) the temperature dependence of the UV absorbance, {c) comparison of the gel migration patterns between
AS-c-myb and its mixture with s-SPG. In the panel (c), 2 wt % NuSieve agarose gel (BMA) was used and the gel was stained with
GelStar® (BMA). Lane 1: AS-c-myb, lane 2: AS-c-myb + s-SPG, lane 3: S-c-myb, and lane 4: S-c-myb + s-SPG.

to that of naked AS-c-myb. The results presented in Fig. 2(b)
indicate that the complex is stable at both room and cell-incu-
bation (37 °C) temperatures.

Figure 2(c) compares the gel electrophoresis migration pat-
terns between naked AS-c-myb and AS-c-myb + s-SPG (or
naked S-c-myb and S-c-myb + s-SPG). Here, only the ODNs
are stained by GelStar®. The ODNs themselves migrate, how-
ever, the mixture of the ODNs and s-SPG do not at all. This fea-
ture also provides evidence of complex formation in the mix-
ture. 16:32

Proliferation after Administrating AS OND and s-SPG.
Figure 3 shows the relation between the number of cells (esti-
mated by WST-8 assay) and the culture days after the melano-
ma A375 cells were treated with AS-c-myb, AS-c-myb/s-SPG,
s-SPG, or saline {control). Here, the dose weight ratio of s-
SPG:AS ODN was always fixed at 150 pg:50 j1g, and the total
doses for AS ODN, s5-5PG, and AS ODN/s-SPG were 50, 150,
and 200 pug/mL, respectively (i.e., the amount of the AS ODN
dose was always kept at 50 pg). The number of the cells in-
creased drastically (probably exponentially) when the cells
were edposed to s-SPG and the saline reference, and the cell
number was identical between s-SPG and the reference. This
means that 5-SPG itself does not have any cytostatic effect at
this dose. When the cells were treated with AS-c-myb and
AS-c-myb/s-SPG, the proliferation for both systems was re-
duced compared with the control. After 5 days, the number
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Fig. 3. Comparison of the cell growth after treated melano-
ma A375 cells with AS-c-myb, AS-c-myb/s-SPG, and s-
SPG, comparing with the control assay in which only saline
was added. The cells were grown in the presence of 50 pg/
mL of AS-c-myb, 200 pug/mL of AS-c-myb/s-SPG {con-
taining 50 pg/mL AS-c-myb), and 150 pg/mL of 5-SPG
at 37 °C. Cell number was determined by WST-8 assay.
The molar concentration ratio (M.spc/Mpayay) i5 fixed
at 1.5.
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of cells for these systems becomes almost half that of the con-
trol. Furthermore, AS-c-myb/s-SPG shows a lower prolifera-
tion than naked AS-c-myb itself a1 any time, suggesting that
the antisense activity is more enhanced for the complex than
for the naked ODN. From this experiment, three culture days
are long enough to provide the distinguishable difference in
the proliferation. Thus, hereinafter we will compare the prolif-
eration only after three days and, for convenience, the number
of cells is normalized by that of the control, and the resultant
value was defined as the cell growth.

Figure 4 shows the relationship between cell growth and the
$-SPG;AS-c-myb molar ratio. Here, the AS-c-myb dose is fixed
at 50 pg/mL and only the s-SPG dose is changed from O to
1000 pg {corresponding to a molar ratio of 10, where the re-
peating unit molecular weights of AS-c-myb and 5-S5PG are
330 and 650, respectively). The cell growth decreases with an
increasing ratio and reaches a minimum around the ratio =
1-2, then abruptly increases. As mentioned in the introduction,
the complex consists of two s-SPG repeating units and three
base units (see Fig. 1(b)), thus the stoichiemetric ratio is 2/3.

100 " g A375
Dose of 50 pg/ml AS-c-myb
8o F
& 0l
§ B i
= 40 8 s E g5
e &
= A s -
20F f;‘_ w5 % p
& S o iz ey Bt Motar tatlo
Control O 025 05 075 1 -4 5 10 wg5PG:AS-cmyd

Fig. 4. Relation between the cell growth and s-SPG:AS-c-
myb molar ratio for A375. The AS-c-myb dose was fixed
at 50 ug/mlL.

(a)
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The molar ratio to give the minimum is larger than the stoichio-
metric ratio. Hereinafter we will evaluate the cell growth at the
molar ratio = 1.5,

When the molar ratio was at 5 or 10, the AS-c-myb/s-SPG
solution was found to be slightly opaque owing to precipitation
of excess s-SPG. Therefore, the increase in the cell growth at
the larger ratios can be explained as such that some AS-c-
myb molecules co-precipitated with s-SPG, thus the effective
AS-c-myb concentration in the solution decreased.

Figure 5 presents the 3-SPG dose dependence of the cell
growth for C32 and A375 cells (without AS ODN) over the
$-SPG dose range from 18.75 to 600 pg/mL. The cell growth
decreases slightly, by 10~-7% at 600 pg/mL, indicating that
there is a slight cytostatic-effect for s-SPG when excess is add-
ed. When we examined the antisense effect in this work, most
experiments were carried out in an s-SPG dose range of less
than 300 pg/ml, an amount of s-SPG that reduces cell growth
by no more than 5%. On the other hand, the AS ODN reduces
the cell growth by about 50% (see Fig. 4). Therefore, the cyto-
toxicity of s-SPG is negligible when we discuss the antisense
effect.

Dose Dependence of Proliferation.

w0 b ety wlede aede Ll 21 11

Figure 6 shows the
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Fig. 5. Cellular toxicity for schizophyllan dose for C32 and
A3T5 cells,
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Fig. 6. Dose dependence of the melanoma cell growth for C32 (a) and A375 (b), when treated with AS-c-myb (O), S-c-myb (&),
MS-c-myb ((J), AS-c-myb/s-SPG (@), S-¢c-myb/s-SPG (A}, and MS-c-myb/s-SPG (). The cell number was determined after 3
days. The molar concentration ratio (My.sp/Mporyany) is fixed at 1.5,
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Table 1. Statistical Analysis of the Antisense Test for the Cell Growth at 100 mg/mL Dose for C32

S-c-myb  S-c-myb/s-SPG MS-c-myb  MS-c-myb/s-SPG AS-c-myb  AS-c-myb/s-SPG
Average 82.7 83.0 73.0 126 564 450
Dispersion 10.9 16.6 10.0 28.7 4.3 8.5
n 4 4 5 5 5 5
T-value 047 0.21 6.5
ODN dose dependence of the cell growth for the C32 (Panel a) a @
and A375 (Panel b) cells. Here, the ODN dose was controlled ‘\a“e’ CPG‘Q

by changing the ODN concentration added to the plate. To con-
firm the antisense effect, the sense sequence (S-c-myb), its
complex {(S-c-myb/s-SPG), the mismatch sequence (MS-c-
myb), and its complex (MS-c-myb/s-SPG) were examined as
well as AS-c-myb and AS-c-myb/s-SPG. For each 100 pg/
mL dose, we calculated the dispersion and T-value, summariz-
ed in Table 1. As shown by the figure, the general trends for
both cell lines are consistent with each other. AS-c-myb and
AS-c-myb/s-SPG reduce the cell growth with increasing
ODN concentration and growth decreases 45-50% at the high-
est dose for both lines. Although both (AS-c-myb and AS-c-
myb/s-SPG) reduce the growth rate drastically, it is clear that
AS-c-myb/s-SPG reduces the cell growth more efficiently than
naked AS-c-myb. As presented in Table 1, the T-value between
AS-c-myb and AS-c-myb/s-SPG is much larger than the oth-
ers, indicating that the complex with AS-c-myb causes a statis-
tically significant difference. On the other hand, S-c-myb and
S-c-myb/s-SPG show a relatively small reduction and the
growth decreases to only 85-90% at the highest dose. Further-
more, the growth between S-c-myb and S-c-myb/s-SPG is sim-
ilar at the same QDN concentration, confirming the negligibly
small cytotoxicity for s-SPG. Even the sense sequence reduces
the growth. According to the previous work, phosphorothioate
DNAs tend to depress cells growth in a nonspecific man-
ner.*3+37 Therefore, this simple cytotoxicity effect should be
the main reason for the decrease in cell growth for S-c-myb
and S-c-myb/s-SPG. When we exposed both cells to the G-rich
mismatch sequence (MS-c-myb and MS-c-myb/s-SPG), the
growths were lowered more than those corresponding to the
sense sequence {i.e, S-c-myb and S-c-myb/s-SPG). This can
be explained by anti-proliferation activity for the contiguous
G residues.®® Figure 6 demonstrates that administering AS-c-
myb decreases proliferation, and this effect is beyond both
the cytotoxicity of the phosphorothicates and the non-antisense
effect of the G-rich sequence. The most important result in this
experiment is that the complex always provides a more en-
hanced anti-proliferation effect than naked AS ODN.

Although the data are not shown, when we carried out the
same experiment as shown in Fig. 6(b) using the phosphodiest-
er AS-c-myb (instead of phosphorothioatc), the antisense effect
was not as clearly observed in comparison with the phospho-
rothioate system. The poor antisense effect was not improved
much even when we used the comresponding complex. The
growth'was 70-80% at a 50 pg/mL dose for the A375 cells.
These features may be ascribed to the fact that phosphoro-
thioate is taken up by cells much easier than phosphodiester,
because the surface protein responsible for ODN up-take
has a higher affinity for phosphorothicate than for phospho-
diester.*13940

C S AS S AS

c-myb — R

c-myb mRNA (% of controf)

100 97 58

105 49

yeh
‘\0"66 d:‘o 9

C S AS S AS.

100 - 28 108 101 106

Practin mRNA (% of control)

Fig. 7. Expression of S-actin and c-myb mRNA determined
by RT-PCR analyses. A375 cells were cultured in 24-well
plates at initial concentration of 2 x 10* cells/mL in medi-
um, and were treated with naked ODNs (60 pg/mL) and
ODNs/s-SPG (containing 60 fig/mb. AS-c-myb) for 2 days
before extraction of RNA. Extracted RNA was subjected to
RT-PCR and amplified DNA fragments were run on 1.5%
(w/v) agarose gels. Lane C: untreated cells (control), lane
S: S-c-myb or S-c-myb/s-5PG, lane AS: AS-c-myb or AS-
c-myb/s-SPG. Amplified DNA fragments were quantified
by Alpha DigiDOC gel documentation system.

Confirmation of the Antisense Effect by Reverse-Tran-
scriptase-Mediated PCR. The enhanced anti-proliferation ef-
fect for AS-c-myb/s-SPG in Fig. 6 strongly supports that the
antisense ODN depresses c-myb expression. Encouraged by
these results, we examined whether naked AS-c-myb and its
complex carried out their task well in eliminating the target
mRNA in a sequence-specific manner using RT-PCR. The re-
sults are presented in Fig. 7. First of all, we evaluated the
amount of B-actin mRNA, comparing the control {no adminis-
tration of ODN) with the administration of S-c-myb, S-c-myb/
s-SPG, AS-c-myb, and AS-c-myb/s-SPG. As shown in the low-
er panel in Fig. 7, there is no difference among the samples, in-
dicating that the administration of these ODNs does not have
any effect on the amount of B-actin mRNA. However, when
we isolated the c-myb mRNA and evaluated the amount of
mRNA by the same manner (the upper panel in the figure),
the AS-c-myb and AS-c-myb/s-SPG did decrease the amount
of mRNA, while both AS-c-myb and AS-c-myb/s-SPG did
not. This result indicates that antisense ODN eliminated the tar-
get mRNA in a sequence-specific manner. Moreover, the com-
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Fig. 8 Confocal fluorescent microscopy images when A375 cells were treated with poly(dA)/FITC-3PG complex (a) and poly(dA)/
FITC-SP-SPG (b). Phase contrast images of the same field of cells are shown left each fluorescence image. The bar indicates

100 pm.

plex reduces the amount more drastically than the naked one,
confirming the antisense effect is enhanced in the complex.

Up-Take of s-SPG and ODN. One of the possible ways to
explain the enhanced antisense effect of the complex is that
schizophyllan may increase the up-take efficiency. To examine
whether s-SPG is taken into a cell, we exposed A375 cellsto a
complex made from poly(dA) and FITC-SPG (fluorescein iso-
thiocyanate-iabeled schizophyllan) and cobserved the cell mor-
phology with confocal fluorescent microscopy. Figure 8(a)
shows a typical image obtained in this experiment. For compar-
ison, we exposed the same cells to a complex made from
poly(dA) and FITC-SP-SPG*' (FITC-labeled, and spermine-
appended schizophyllan) which was already observed to have
an increase in the cellular uptake due to the positive charge,
as seen in the confocal microscopic image in Fig. 8(b). Figure
8(b) clearly shows that the Jabeled materials are taken into a
cytosol. On the other hand, there is no such a feature observed
in Fig. 8(a). Therefore, we conclude that schizophyllan itself
has no capability to induce endocytosis.

Nuclease-Mediated Hydrolysis of the Antisense ODNs.
Figure 9 plots AAbs against the incubation time during the hy-
drolysis by nuclease P; for AS-c-myb [AS-c-myb] and the
complex made of s-SPG and AS-c-myb [AS-c-myb/s-SPG].
The nuclease P; effectively hydrolyzes single stranded DNAs
and produces 5'-monophosphoric nucleic acids, resulting in in-
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Fig. 9. Increment of the absorbance during the hydrolysis
by nuclease P; at 37 °C, comparing phosphodiester AS-
c-myb [AS-c-myb (PO)], phosphorothioate AS-c-myb
fAS-c-myb], and the complex made of s-SPG and phos-
phorothicate AS-c-myb {AS-c-myb/s-SPG]. 15.2 uM of
AS-c-myb was added to 2 mL of 3 mM sodium acetate
(pH 6.0), and 1 mM ZnS0O,. The concentration of nuclease
P, was 40 U/mL.

creasing AAbs 24 Figure 9 shows that the complexation de-
creases the AAbs change more effectively than the naked sam-
ples, confirming our previous conclusion that the complex can
protect the bound DNA form a nuclease attack.*
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Fig. 10. AS-c-myb/s-SPG complex stability in the presence of BSA determined by gel shift assay. (a) BSA was mixed with AS-c-
myb or AS-c-myb/s-SPG complexes. These mixtures were incubated for 30 min at 37 °C, and run on a 7.5% non-denaturing poly-
acrylamide gel. The gel is stained by GelStar®, and the image was obtained by a gel documentation system (Alpha DigiDOC gel
documentation system, Alpha Innotech). Lane 1-4: naked AS-c-myb (0.2 pg}, lane 5-8: AS-c-myb/s-SPG {containing 0.2 pg AS—c-
myb). Lanes 2 and 6: added 10 y1g BSA, lanes 3 and 7: 50 pg BSA, and lanes 4 and 8: 100 pg BSA. (b) BSA-FITC was mixed with
AS-c-myb (9-12) or AS-¢c-myb/s-SPG complexes (13-16). The gel is not stained by GelStar(r). Lane 9: AS-c-myb itself (0.2 pg),
no BSA-FITC, lane 13: AS-c-myb/s-SPG (containing 0.2 jig AS-c-myb), no BSA-FITC, lanes 10 and 14: added 10 ug BSA-FITC,
lanes 11 and 15: 50 pug BSA-FITC, and lanes 12 and 16: 100 g BSA, lane 17: 50 pg BSA-FITC itself.

Stability of the Complex in the Cell-Culture Medium.
Figure 10(a) compares the gel-shift between naked AS-c-myb
and AS-c-myb/s-SPG in the presence of BSA. In the panel
(), the gel was stained with GelStar®, thus only nucleonic bas-
es can be observed. In the absence of BSA, the naked AS-c-
myb (0.2 tg) migrates a great distanse (lane 1). When we added
10 ug of BSA to 0.2 pg of AS-c-myb (lane 2, BSA concentra-
tion is about 1 mg/mL), there was still a small amount of the
free AS-c-myb. However, most of them were incorporated into
the BSA/AS-c-myb complex. When we added extra BSA (50
and 100 pg in lanes 3 and 4, respectively, i.e., BSA concentra-
tions were about 5 and 10 mg/mL), there was no free AS-c-
myb, and al! ODN were bound to BSA. When we carried out
a similar experiment for the AS-c-myb/s-SPG complex (0.2
pg of AS-c-myb and 0.6 g of s-SPG), the addition of BSA pro-
vided essentially no change in migration. Lane 5 shows the
complex itself (i.e., without BSA), stays at the starting hole.!%32
When we added 10 pg of BSA to 0.2 pg of AS-c-myb (lane 6),
the migration pattern was exactly the same as that of the com-
plex itself. When we increased the BSA amount to excess,
some AS-c-myb seemed to be taken out of the complex and
bound to BSA, however, this amount is relatively small com-
pared with that in the complex. Although the data are not
shown, after we mixed the complex with serum and waited a
few days, we obtained the same results as those in Fig. 10(a).

We carried out the same experiments as those in Fig. 10(a)
using flyorescein-labeled BSA (BSA-FITC), where only BSA
was obéerved. Figure 10(b) shows the results of the comparison
between naked AS-c-myb (lanes 9-12) and the AS-c-myb/
5-SPG complex {lanes 13-16). BSA-FITC was added at 0, 10,
50, and 100 pg for lanes 9 and 13, 10 and 14, 11 and 15, and
12 and 16, respectively. In lane 17, only BSA-FITC (50 ug)
was loaded. As shown in the figure, there is no difference in

the migration pattern between the naked ODN and the complex.
This feature indicates that the complex is not bound to BSA,
otherwise the BSA would be in the staring hole.

Based on the above results, we conclude that AS-c-myb/
s-SPG is considerably stable in a solution containing an extra
amount of BSA, and that the complex remains intact in the
presence of BSA. On the other hand, naked AS-c-myb is bound
to BSA. The BSA concentration range examined here covers
that for the cell-culture medium. Therefore, the complexed
AS-c-myb hardly bound to BSA when we cultured the cells.

A Possible Mechanism for the Enhanced Antisense Effect
for the Complex. Our culture medium contains an albumin,
BSA, a necessary ingredient for growth of the cells, as well
as some nuclease. It is well-known that BSA itself easily binds
to hydrophobic molecules. In particular, phosphorothioate is
more hydrophobic than phosphorodiesters,*™7 so BSA should
bind to phosphorothioate strongly. In fact, Fig. 10(a) shows the
strong affinity between the naked ODN and BSA. For human
leukemia cells, there is evidence that AS ODN is up-taken by
receptor-mediated endocytosis relating to the albumin recogni-
tion site on the cell surface.*® If the albumin mediated endocy-
tosis was the major route for the up-take of AS-c-myb in our
system, it is difficult to explain the enhanced antisense effect
of the complex, because the AS-c-myb in the complex can
not bind to BSA.

It is surprising that the cellular up-take of phosphorothioate
ODNSs occurs to a greater extent than would be expected on the
basis of charge and size consideration. In fact, the phospho-
diester AS ODN shows a poor antisense effect in our system.
The pharmacokinetics of phosphorothioate ODNs, especially
its cellular up-take mechanism, are not well understood; How-
ever, it has been suggested that the up-take of phosphorothioate
AS ODNs can be mediated by pinocytosis or adsorptive endo-
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cytosis facilitated by proteoglycans and the binding proteins in
the cell membrane ***4® Therefore, it seems that the presence
of AS ODN free from BSA is important, and since the complex
can prevent the AS ODN from binding to BSA, the antisense
effect was enhanced in our system. Furthermore, the complex
can protect the bound AS ODN from nuclease attack. In sum-
mary, we can conclude that the antisense effect is enhanced
in the compiex by protecting AS ODN from unfaverable inter-
actions (such as hydrolysis or absorption) with proteins in the
culture mediur:.

Conclusion

The present report describes the formation of a phosphoro-
thioate—oligonuclectide complex with s-SPG in the same man-
ner as phosphodiester oligonucleotides. Furthermore, we car-
ried out an in vitro antisense assay combining melanoma cell
lines and a phosphorothioate antisense oligonucleotide (AS
ODN) to depress c-myb mRNA, and found that the AS ODN
bound in the complex reduces cell growth more efficiently than
that of naked AS ODN. The reason for the enhanced depression
has been rationalized by a new proposal that states the complex
can prevent the AS ODN from binding to BSA in the culture
medium as well as protecting AS ODN from nuclease. The
present results show, therefore, that schizophylian can be used
as an AS ODN carrier.

Experimental

Materials. Taito Co. Ltd., (Japan) kindly supplied the schizo-
phyllan sample. The weight-average molecular weight (M) and
the number of repeating units were found to be 1.5 x 10° and
23), respectively.’®1? The oligonucleotide (ODN) sequence of
5'-GTG CCG GGG TCT TCG GGC-3 is well known to bind to
c-myb mRNA and Jead to the depression of c-myb.267%! However,
since short and hetero ONDs cannot bind with s-SPG,'532 we had
to attach a poly(dA) tail with 40 bases at the 3’ end of this se-
quence. Thus, in this study, 5-GTG CCG GGG TCT TCG
GGC-{dA)ag-3' phosphorothioate was used as an AS ODN and is
dencted by AS-c-myb, hereafter. To examine whether the anti-
sense effect really strives to suppress the cell growth, we used an
ODN containing the sense sequence 5-GCC CGA AGA CCC
CGG CAC-3"82 a5 a reference. Additionally, the antisense phos-
phorothicate ODN can show anti-proliferation activity through a
non-antisense path when the sequence contains some contiguous
G residues.®® Therefore, as a second control, a mismatch bases
of AS-c-myb; 5-GTC CTIG GGG TCG TCG GGC-3'* was used
(the mismatched sequences are underlined). For the same reason
as those in the antisense sequence, the sense and mismatched se-
quences were connected to the (dA)gg tails at the 3" ends and denot-
ed by S-c-myb and MS-c-myb, respectively. AS-c-myb, S-c-myb,
and MS-c-myb were synthesized at Hokkaido System Science
(Hokkaido, Japan) and purifted with high-pressure liquid chroma-
tography.

MEM?® (minimum essential medium), nonessential amino acids,
fetal bovine serum (FBS), and penicillin/streptomycin were pur-
chased from Gibco/BRL. Dulbecco’s modified Eagle's medium
(DMEM®) was obtained from Nissui Pharmaceutical Co. Ltd. Bo-
vine serum albumin (BSA) was obtained from Sigma. Fluorescein
isothiocyanate (FITC) was purchased from Dojin, Japan. An ultra-
filtration device (Centricon® plus-10; NMWL, 10000} was pur-
chased from Millipore (Bedford, MA). Poly(dA} was purchased
from Amasham (Kyoto, Japan).
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Fluorescein-appended BSA (BSA-FITC) was synthesized
by mixing a2 BSA (109 mg. 1.7 pumol)/water solution with a
fluorescein-4-isothiocyanate (0.7 mg, 1.8 pmol)/acetone solution
{Doujin, Japan). The mixture was purified by dialysis with distilled
water several times and then lyophilized. Spermine-appended SPG
(SP-SPG) was synthesized as described in our previous paper.*!
FITC-labeled schizophyllan (FITC-SPG) and FITC-labeled SP-
SPG (FITC-SP-SPG) were prepared as follows. Schizophyllan

(60 mg) was dissolved in purified DMSO (2 mL). To this solution

was added FITC (1 mg), and the mixture was vigorously stirred in
the dark at room temperature for 60 h. The resulting derivative was
purified by ultrafiltration with purified DMSO (3 mL) to remove
excess FITC. The solutions were Iyophilized to obtain FITC-
SPG and FITC-SP-SPG.

Preparation of Complex between ODN and 5-SPG. 2 mg of
S-c-myb, MS-c-myb, and AS-c-myb were dissolved in 1 mL of 10
mM Tris buffer solution (pH = 7.8). An appropriate concentration
of s-SPG/DMSO sclution was added to the ODN solution so that
the water volume fraction was always adjusted to 0.9 after mixing.
The molar ratio {M.spg/Mopn) was controlled at 1.5, except when
we measured the M. sps/Mopn dependence of the cell growth
(Fig. 4), where M, spc and Mopn are the molar concentrations
for the s-SPG and ODNs repeating units, respectively. After the
ODN and s-SPG mixture was kept at 5 °C for 1 night to lead the
complexation, DMSO was removed by ultrafiltration. After the fil-
tration, the final concentration of ODN was determined by measur-
ing the ultraviolet absorbance. To confirm the complexation be-
tween ODNs and s-SPG, we measured the circular dichroism
{CD) spectrum, ultraviolet (UV} spectrum, and gel electrophoresis
migration pattern. The details for these experiments are described
in the preceding paper in this series of work.'%1523-23.32

Cell Culture and Confocal Fluorescent Microscopy. The
melanoma cell lines C32 and A375 were obtained from the Amer-
ican Type Culture Collection {(ATCC, Rockville, MD). The C32
cells were maintained in MEM® supplemented with 0.1 mM non-
essential amino acids and 10% FBS. The A375 cells were main-
tained in DMEM® supplemented with 10% FBS. All medium con-
tained a 1 wt % penicillin/streptomycin mixture. Cell incubation
was always carried out at 37 °C in fully humidified air containing
5wt % CO;.

A375 cells (2 x 10° cells) were grown just before confluence in
a 96-well tissue culture plate (NUNC). The FITC-SPG—poly(dA)
complex and FITC-SP-SPG—poly(dA) complex {the molar ratio
{(M,-spc/Mpoiyiaay) was controlled to be 1.5] were added to the me-
dium (final concentration 200 pg/mL). The cells were incubated
for 12hat 37 °Cin a 5% CO; incubator. The cells were then wash-
ed three times with PBS (100 pL) and examined by fluorescence
microscopy. Images of the samples were collected by fluorescence
microscopy on an ECLIPSE TE2000-U (Nikon, Tokyo, Japan) at-
tached to a confocal scan unit Radiance 2100C (Bio-Rad, Tokyo,
Japan) using a 20x objective lens (the total magnification was
200x).

Measurement of Cell Proliferation. Cells were seeded in 96-
well plates (NUNC) at a density of 2 x 10* celis/mL (1 well/100
HL) and allowed to attach to the plate ovemight. The following
day, the medium (MEM® supplemented with 0.} mM nonessential
amino acids and 10% FBS) was changed to fresh medium, and cells
were treated with an appropriate amount of ODN (0.39-100 pg/
mL), ODN/s-SPG complex (containing 0.39-100 pg/ml. ODN),
or 5-SPG (1-200 pg/mL). Subsequently, cells were incubated for
1,2, 3, 4, or 5 days before measurement of cell growth. The cell
number was evaluated by use of a Cell Counting Kit-8% (Dojindo,
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Japan) called the WST-8 assay. The WST-8 assay uses a novel tet-
razolium salt 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-
(2.4-disuifophenyl)-2H-tetrazolium monosodium salt (WST-8),
which produces a water-soluble formazane dye upon reduction
mediated by dehydrogenase in living cells.*’ After incubation for
1,2, 3,4, or 5 days, 10 pL of the Cell Counting Kit-8 working so-
lution (containing WST-8 and 1-methoxy-5-methylphenazinium
methosulfate) was added to each well, followed by incubation
for 4 h at 37 °C. Plates were read on a microplate reader Multiskan
JX (Thermo Labsystems) using a wavelength of 450 nm in compar-
ison with 650 nm. Each set of control or treated cells was tested in
triplicate wells, and the mean and standard deviation of the values
was plotted. All growth studies were carried out at least twice.

Nuclease-Mediated Hydrolysis. We measured the increment
in the ultraviolet absorbance (A Abs) at 260 nm during the hydrol-
ysis of the nucleotides with a JASCO V-570. The hydrolysis of AS-
c-myb by nuclease P, (from Penicillium citrium, Sigma)*>*3 was
carried out at 37 °C in a reaction mixture in which 15.2 pM of
AS-c-myb was added to 2 mL of 3 mM sodium acetate (pH 6.0}
and 1 mM ZnSO,. The concentration of nuclease P; was 40 U/mL.

Isolation of Total RNA and Reverse-Transcriptase-Mediat-
ed PCR. To confirm that the reduced proliferation was due to de-
creasing c-myb expression by the antisense effect, the expression of
c-myb was evaluated at the mRNA level by the reverse-transcrip-
tase-mediated PCR (RT-PCR) method #3-3 A375 cells were plated
in 24-well plates (NUNC) at an initial concentration of 2 x 10
cells/mL in the medium and allowed to attach to the plate over-
night. The following day, the cells were treated with 60 pg/mL
ODN and ODN/s-SPG complex. After 2 days, the cells were har-
vested with 0.25% trypsin-EDTA in PBS. The total RNA was iso-
lated with a RNeasy Mini Kit (QIAGEN) as recommended by the
manufacturer. RT-PCR was performed with a ThermoScript RT-
PCR system (Invirogen). A PCR tube contained RNA (0.9 pg), oli-
go (dT) primer, dNTPs (10 mM, 2 uL), DTT (0.1 M, 1 pL), and
RNaseOQUT (2 U/uL, Thermoscript RT (0.75 U/pL). Synthesis
of the first-strand ¢DNA was done at 55 °C for 40 min in a DNA
thermal cycler (T gradient, Biometra, Germany). The resulting
cDNA fragments were amplified with 2 U/ml of Tag polymerase,
MgCly (50 mM, 1.6 pL), dNTPs (10 pM, 1 pL), and 15 pmol of
each primer. Regents were from Invitrogen. Thermal cycling con-
sisted of 1 min denaturing at 95 °C, 1 min annealing at 35 °C (c-
myb) or 57 °C (B-actin), and 1 min of extension at 72 °C. This
was repeated for 40 cycles (c-myb) and 28 cycles (S-actin), with
a final extension period of 3 min. Primer sequences were as fol-
lIows: e-myb, 5'-AAT TAA ATA CGG TCC CCT GAA-3' (for-
ward), 5'-TGC TCC TCC ATC TTT CCA CAG-3' (reverse),
423 bp predicted product size. B-actin, 5-GGC TAC AGC TTC
ACC ACC AC-3 {forward), 5'-AGG GCA GTG ATC TCC TTC
TG-3' (reverse), 370 bp predicted product size. PCT products were
resolved by agarose gel electrophoresis and visualized by
GelStar®. Amplified DNA fragments were quantified by a gel doc-
umentation system (Alpha DigiDOC gel documentation system,
Alpha Innotech).

This work is finically supported by “Organization and Func-
tion”, PRESTO, and SORST programs in Japan Science and
Technology Corporation (JST).
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